Membrane-bound NAD(P)-independent malate dehydrogenase (EC 1.1.99.16) was puriˆed to homogeneity from the membrane of thermotolerant Acetobacter sp. SKU 14, an isolate from Thailand. The enzyme was solubilized from the membrane fraction of glycerolgrown cells with 1% Triton X-100 in the presence of 0.1 M KCl, and puriˆed to homogeneity through steps of column chromatographies on DEAE-Sephadex A-50 and DEAE-Toyopearl in the presence of 0.1% Triton X-100. The puriˆed enzyme showed a single protein band in both native-PAGE and SDS-PAGE. The enzyme was a homodimer with a molecular mass of 60 kDa subunit and had noncovalently bound FAD as the cofactor. The enzyme was stable over pH 5 and had its maximum activity at pH 11.0 when ferricyanide was used as an electron acceptor. The enzyme activity was elevated by the addition of ammonium ions. The substrate speciˆcity was very strict to only L-malate, of which the apparent K m was 10 mM and over 20 compounds involving D-malate were not oxidized by the enzyme.
L-malate; membrane-bound enzyme; NAD(P)-independent malate dehydrogenase Oxidation of malate to oxaloacetate is an important metabolic reaction in aerobic energy producing pathways. The well-known enzyme is NADdependent malate dehydrogenase (EC 1.1.1.37) participating in the malate oxidation reaction in the tricarboxylic acid cycle. However, some microorganisms have another type of enzyme catalyzing malate oxidation besides NAD-dependent malate dehydrogenase. Francis et al. 1) stated that there are four situations for malate oxidation and the most common situation is the soluble NAD-dependent malate dehydrogenase catalyzing the initial dehydrogenation. In other situations, the presence of a particulate malate oxidizing system in addition to the soluble NAD-dependent malate dehydrogenase was stated. The enzyme participating in this particulate malate oxidizing system is membrane-bound NAD(P)independent malate dehydrogenase which is located in the cytoplasmic membranes and catalyzes malate oxidation by linking to the electron transfer system. This enzyme catalyzes only malate oxidation, and does not require NAD(P) for the reaction, unlike NAD-dependent malate dehydrogenase.
Theˆrst attempt at the puriˆcation of NAD(P)independent malate dehydrogenase was reported for Micrococcus lysodeiticus. 2) Furthermore, the enzyme was also puriˆed from some strains of Mycobacterium. [3] [4] [5] [6] The detailed characterization of the enzyme wasˆrst reported with the puriˆed enzyme from thermophilic Bacillus sp. DSM 465. 7) Recently, a gene for membrane-bound NAD(P)-independent malate dehydrogenase was discovered with several bacteria. [8] [9] [10] Furthermore, it was found that a similar DNA sequence encoding this enzyme existed in many Grampositive and -negative bacteria. Therefore, the function of the enzyme is very interesting for bacterial physiology.
Acetic acid bacteria, one of the oxidative bacteria, are well known to have many sugar-oxidizing systems in the plasma membranes. These oxidizing system participate in production of large amount of oxidation products such as acetate, L-sorbose, gluconate, and dihydroxyacetone, which are called oxidative fermentation. The oxidizing system consists of primary dehydrogenase and respiratory chain, and many primary dehydrogenases from the membrane of acetic acid bacteria were puriˆed. 11) These de-hydrogenases are divided into quinoproteins having noncovalently bound pyrroloquinoline quinone (PQQ) and ‰avoproteins having covalently bound FAD as the cofactor. These membrane-bound dehydrogenases are located on the outer surface of the cytoplasmic membranes and catalyze substrate oxidation to accumulate the oxidation products in the culture medium. On the other hand, membranebound malate dehydrogenase is thought to participate in a part of energy production in the cytoplasm diŠerent from these primary dehydrogenases participating in the oxidative fermentation.
In this report,ˆrst we describe the selection of a microbial strain having a strong enzyme activity of membrane-bound NAD(P)-independent malate dehydrogenase from thermotolerant Acetobacter strains isolated from various kinds of fruits in Thailand. Secondly, the puriˆcation and characterization of the enzyme from the membrane are described.
Materials and Methods
Microorganisms and cultivation. Thermotolerant acetic acid bacteria, Acetobacter spp. were isolated from various kinds of fruits in Thailand as described previously. 12) As the reference strain of mesophilic acetic acid bacteria, Acetobacter acetigenus IFO 3280 was purchased from the Institute for Fermentation, Osaka (IFO). The culture medium used in this study consisted of 10 g of glycerol, 3 g of yeast extract, and 2 g of sodium glutamate in 1 liter of tap water, and the cultivation was done aerobically with rotary shaking at 30 or 379 C.
Assay of malate dehydrogenase. NAD(P)-Independent malate dehydrogenase activity was measured colorimetrically by using potassium ferricyanide or spectrophotometrically by using 2,6dichlorophenolindophenol (DCIP) and phenazine methosulfate (PMS) as electron acceptors as for membrane-bound dehydrogenases from acetic acid bacteria reported in our previous paper. 13) Except for the detection of the optimum pH with the membrane fraction, the enzyme activity was mainly assayed with potassium ferricyanide in the presence of ammonium chloride. The reaction mixture contained 50 mM borate buŠer, pH 11.0, 100 mM sodium DL-malate, 100 mM ammonium chloride, and 10 mM potassium ferricyanide, and the reaction was done at 359 C. Furthermore, malate oxidase activity with the membrane fraction was measured polarographically with a Clark-type oxygen electrode at 359 C. The reaction mixture (2.5 ml) contained 1.0 ml of the buŠer, 100 mmol of sodium DL-malate, and the membrane fraction. One unit of the enzyme activity was deˆned as the amount of enzyme catalyzing 1 mmol of substrate oxidation per minute under these conditions.
Preparation of membrane fraction. The cells were harvested by centrifugation after cultivation for 2 days at 379 C, and stored at "309 C until use. The cells were suspended at about 1 g of wet cells per 5 ml of 10 mM potassium phosphate buŠer, pH 6.0, and passed twice through a French pressure cell press at 16,000 psi. After removal of intact cells by centrifugation at 10,000×g for 10 min, the supernatant was centrifuged again at 70,000×g for 60 min. The resultant precipitate was collected as the membrane fraction.
Puriˆcation of malate dehydrogenase. All operations were done below 79 C unless otherwise stated. The membrane fraction was suspended in 10 mM acetate buŠer, pH 4.0. Triton X-100 and KCl were added to 1z and 0.1 M, respectively, to the membrane suspension and malate dehydrogenase was solubilized by stirring the suspension for 60 min in an ice bath. Solubilized enzyme was obtained by centrifugation at 70,000×g for 60 min and dialyzed thoroughly against 10 mM acetate buŠer, pH 5.2, containing 0.1z Triton X-100.
The dialyzed enzyme solution was put on a DEAE-Sephadex A-50 column (3×15 cm) equilibrated with 10 mM acetate buŠer, pH 5.2, containing 0.1z Triton X-100. After the column was washed with the same buŠer, the enzyme activity was eluted by the same buŠer containing 0.1 M NaCl. After the active fractions were combined and concentrated with an ultraˆlter (Advantec Toyo, UK-50) the enzyme solution was dialyzed against the same buŠer containing 0.1z Triton X-100. The enzyme solution was put on a DEAE-Toyopearl column (3×20 cm) equilibrated with the same buŠer used in the preceding step. The enzyme activity was not adsorbed into the column under these conditions and was eluted by washing the column with the same buŠer. The enzyme fractions were pooled and concentrated as above.
Electrophoresis. Polyacrylamide gel electrophoresis in the presence (SDS-PAGE) and absence (Native-PAGE) of sodium dodecyl sulfate was done basically by the method of Laemmli. 14) For SDS-PAGE, 10z acrylamide slab gel was used. Native-PAGE was done on 7.5z acrylamide gel containing 0.1z Triton X-100. After electrophoresis, protein bands were stained with Coomassie brilliant blue R-250. The marker proteins used for estimation of molecular mass were phosphorylase b (94 kDa), albumin (67 kDa), ovalbumin (43 kDa), trypsin inhibitor (20.1 kDa), and a-lactoalbumin (14.4 kDa).
Molecular mass measurement. The molecular mass of undenatured malate dehydrogenase was measured by gelˆltration chromatography on a Superdex HR10 W 30 column in a Shimadzu HPLC system. The enzyme dissolved in 0.1 M potassium phosphate buŠer, pH 6.0, containing 0.1z Triton X-100, was injected into the column equilibrated with the same buŠer containing 0.1 M NaCl and 0.1z Triton X-100. The standard marker proteins used were glutamate dehydrogenase (290 kDa), lactate dehydrogenase (142 kDa), enolase (67 kDa), myokinase (32 kDa), and cytochrome c (12.4 kDa). The molecular mass of the dissociated subunit was measured by SDS-PAGE as stated above.
Analytical methods. The protein concentration was measured by a modiˆcation of the method 15) of Lowry et al. with bovine serum albumin as the standard protein.
Results and Discussion
Selection of microbial strain The activity of membrane-bound malate dehydrogenase was measured with cell homogenates from 50 strains of Acetobacter spp. isolated from various kinds of fruits in Thailand as thermotolerant acetic acid bacteria, and a homogenate from A. acetigenus IFO 3280, having the highest malate dehydrogenase activity among strains stocked in our laboratory. These strains were cultivated in the medium containing glycerol as the carbon source at 30 and 379 C. Most strains including A. acetigenus IFO 3280 grew well at 309 C. When the cultivation was done at 379 C, about three-fourth of the isolates grew well even at 379 C, while A. acetigenus IFO 3280 and other isolates showed lowered growth. After cultivation for 2 days, the harvested cells were suspended in 10 mM potassium phosphate buŠer, pH 6.0, and sonicated to prepare cell homogenates. Twenty-three isolates grown at 379 C showed stronger enzyme activity than that of A. acetigenus IFO 3280 grown at 309 C as shown in Table 1 . Among these isolates, Acetobacter sp. SKU 14, isolated from a banana in Thailand, was selected as the strain having the highest enzyme activity and used in the following experiments.
EŠects of pH on enzyme activity of the membrane fraction
The optimum pHs of malate dehydrogenase and malate oxidase activities were measured with the membrane fraction. Malate dehydrogenase activity was assayed with ferricyanide or PMS-DCIP as electron acceptors, and malate oxidase activity was measured with an oxygen electrode. As shown in Fig. 1(A) , the optimum pH of dehydrogenase activity was found at 10.0 and 6.0 when ferricyanide and PMS-DCIP were used as electron acceptors, respectively, and the maximum malate oxidase activity was shown at pH 7.0. The speciˆc activity at each optimum pH was measured to be 5.28, 1.32, and 1.41, respectively.
When these assays were done with the addition of 0.1 M ammonium chloride, the enzyme activity increased at alkaline pH, especially with the ferricyanide assay, as shown in Fig. 1(B) . The optimum pH with the ferricyanide assay shifted to pH 11.0 from 10.0, while the pH optima assayed with PMS-DCIP and malate oxidase activity were the same as those of the assay without ammonium chloride. The reason why the optimum pH with the ferricyanide assay was shifted but not in other assays in the presence of ammonium chloride was that ammonium chloride aŠected the enzyme activity at high alkaline pH but not at neutral-acidic pHs. The highest enzyme activity was observed at pH 11.0 with ferricyanide, and the speciˆc activity was increased to 8.21. The speciˆc activity of malate dehydrogenase at the optimum pH by PMS-DCIP assay and malate oxidase activity in the presence of ammonium chloride was 1.46 and 1.77, respectively, which were not so elevated compared with that of ferricyanide assay. Therefore, the routine assay of malate dehydrogenase was done at pH 11.0 using ferricyanide as an electron acceptor in the presence of 0.1 M ammonium chloride.
Solubilization of membrane-bound malate dehydrogenase
The enzyme activity of NAD(P)-independent malate dehydrogenase was detected with the membrane fraction but not in the supernatant after ultracen- The membrane fraction suspended in 10 mM Tris-HCl buŠer, pH 8.0, was treated with 1z each detergent for 1 h in an ice bath. After ultracentrifugation at 100,000×g for 1 h, the enzyme activity in the supernatant was measured with the routine ferricyanide assay method. The activity was expressed as the relative activity to that of the untreated membrane.
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Membrane-bound Malate Dehydrogenase trifugation of the cell-free extract from Acetobacter sp. SKU 14. The distribution ratio of the enzyme in the membrane fraction and in the supernatant fraction was variable by the strains used for the puriˆcation as reported so far. [5] [6] [7] The localization of the enzyme was reported to be diŠerent among three Mycobacterium strains. 16) One of them was distributed both in the membrane fraction and the supernatant fraction, while the enzyme was found only in the membrane fraction in another strain. The enzyme of M. avium 3) located in the membrane fraction could not be solubilized by simply washing the membrane with EDTA, which is similar to the case of Acetobacter sp. SKU 14. On the other hand, the enzyme activity of M. phlei 4) was detected both in the membrane fraction and the supernatant fraction, since the enzyme was loosely bound to the membrane. Therefore, the enzymes from this strain can be easily released from the membrane by the addition of chelators such as EDTA, and no detergents are required to solubilize and purify the enzyme.
Since the enzyme of Acetobacter sp. SKU 14 was located in the membrane fraction, the solubilization of the enzyme from membrane fraction was examined using detergents. Using the membrane fraction suspended in 10 mM Tris-HCl buŠer, pH 8.0, the solubilization of the enzyme was done. Among seven detergents examined for enzyme solubilization, n-octyl-b-D-glucoside, sodium monolaurate, and Triton X-100 were eŠective to solubilize the enzyme with high yield as shown in Table 2 . The highest speciˆc activity of the solubilized enzyme was observed with the supernatant after solubilization with Triton X-100.
The eŠects of pH on enzyme solubilization were also examined using Triton X-100 and 0.1 M KCl. The addition of KCl increased the yield of the solubilized enzyme. The higher pH caused a higher yield of enzyme solubilization. However, the speciˆc activity of the solubilized enzyme was higher when solubilization was done in acidic pH rather than in alkaline pH, and the highest speciˆc activity was obtained when enzyme solubilization was done at pH 4.0, as shown in Table 3 . In this experiment we selected the conditions under which higher speciˆc activity of the solubilized enzyme was observed rather than the higher yield of the solubilized enzyme; i.e. the conditions for the solubilization were decided to be treating the membrane (about 10 mg W ml protein) in acetate buŠer, pH 4.0, in the presence of 1z Triton The membrane fraction was suspended in 10 mM each buŠer; acetate buŠer for pH 4 and 5, potassium phosphate buŠer for pH 6 and 7, and Tris-HCl buŠer for pH 8. The membrane suspension was treated with 1z Triton X-100 and 0.1 M KCl for 1 h in ice bath. After ultracentrifugation at 100,000×g for 1 h, the enzyme activity in the supernatant was assayed under the standard assay conditions. The enzyme activity was expressed relative to that of the untreated membrane. 
Puriˆcation of membrane-bound malate dehydrogenase
The puriˆcation of the enzyme was done by two column chromatographies on DEAE-Sephadex A-50 and -Toyopearl in the presence of 0.1z Triton X-100 after enzyme solubilization with a higher yield than those reported so far. 2, [5] [6] [7] The successful puriˆcation was mainly due to the second column chromatography on DEAE-Toyopearl, by which the enzyme was clearly separated from the major impurities during the washing of the column. This eŠective chromatographic separation was very similar to the case of the puriˆcation of cytochrome o from the membrane of Gluconobacter suboxydans. 17) Although the enzyme protein was adsorbed by DEAE-Sephadex A-50 and -Toyopearl under the same conditions, the interaction of the enzyme with DEAE-Toyopearl was weaker than that with DEAE-Sephadex A-50. The diŠerent chromatographic behaviors of this enzyme to these two columns caused by the nature of the ion-exchangers led to the successful puriˆcation. A typical puriˆcation summary of the membrane-bound malate dehydrogenase from Acetobacter sp. SKU 14 is shown in Table 4 . The enzyme was puriˆed about 170-fold with an overall yield of 48z from the membrane fraction. The puried enzyme showed a single protein band both in native-and SDS-PAGE as shown in Fig. 2 . This is theˆrst successful example of puriˆcation of malate dehydrogenase obtained as a homogeneous holoenzyme from the membrane fraction. Puriˆed enzymes from Mycobacterium strains [3] [4] [5] [6] were apoenzyme and required FAD for enzyme activity. The enzyme from Bacillus sp. DSM 465 was puriˆed to homogeneity from crude extracts prepared from the washed cells treated with 0.1z Triton X-100 and 1 mM EDTA, because the enzyme was loosely bound to the membrane. 7) Molecular structure of malate dehydrogenase The molecular mass of the native membranebound malate dehydrogenase was 150 kDa by gel ltration on a Superdex HR10 W 30 column in 0.1 M potassium phosphate buŠer, pH 6.0, containing 0.1 M NaCl and 0.1z Triton X-100. On the other hand, the molecular mass of the subunit of the denatured enzyme measured by SDS-PAGE was 60 kDa as shown in Fig. 2 . These results suggest that the enzyme is composed of two identical subunits. The molecular mass of the subunit of the enzyme from Acetobacter sp. SKU 14 was similar to those from other strains, while the number of subunits in the enzyme was diŠerent from those reported so far. [5] [6] [7] The number of subunits of the enzyme from Bacillus sp. DSM 465 was reported to be about ten from the molecular mass of about 660 kDa dissociating into a single subunit of 66 kDa. 7) The enzymes from M. phlei 5) and Mycobacterium sp. strain Takeo 6) were reported to be a monomeric structure with a molecular mass of 51-55 kDa. The enzyme from A. acetigenus IFO 3280 18) consisted of a homodimeric structure with a molecular mass of 58 kDa of a single subunit, which is much the same as that of Acetobacter sp. SKU 14 puriˆed in this study.
Prosthetic group
Theˆnally puriˆed and concentrated enzyme preparation was a yellow color, suggesting the presence of a ‰avin compound as the cofactor in this enzyme. The puriˆed enzyme partially lost the enzyme activity when it was dialyzed overnight against 10 mM potassium phosphate buŠer, pH 7.0, containing 1 mM EDTA and 0.1z Triton X-100. After dialysis, 65-70z of the enzyme activity was detected and the restoration of the enzyme activity was tried with ribo‰avin, FMN, FAD, and PQQ. The enzyme activity was restored to about 90z of the original activity only by the addition of FAD, and the other compounds had no eŠect on the enzyme activity. However, the eŠect of FAD was only valid when the puriˆed enzyme was treated with EDTA, whereas the EDTA-untreated enzyme had no response to FAD, suggesting that FAD is bound noncovalently to the enzyme. Moreover, these results showed that the malate dehydrogenase in Acetobacter sp. SKU 14 exists as holo-enzyme all the way in the organism. Additionally, the ‰avin compound extracted from the enzyme with methanol after treating the enzyme with 1z SDS was identiˆed to be FAD by HPLC on a Hypersil ODS C18 column. Membrane-bound malate dehydrogenase from Mycobacterium strains [3] [4] [5] [6] required FAD and phospholipid to express the full enzyme activity and the puriˆed enzymes from M. phlei 5) and Mycobacterium sp. strain Takeo 6) contained no FAD, implying that these enzymes exist as apo-enzyme.
The dehydrogenases located in the cytoplasmic membranes of acetic acid bacteria participating in the oxidative fermentation have PQQ or FAD as the cofactor. The dehydrogenases reported so far to have FAD as a cofactor contain covalently bound ‰avin. [19] [20] [21] [22] However, in this study, the cofactor of membrane-bound malate dehydrogenase was found to have noncovalently bound FAD. Although the location of this malate dehydrogenase has not been clariˆed, this enzyme may be located on the inner surface of the cytoplasmic membranes by taking into consideration of the physiological function. This enzyme probably works for oxidizing malate as a member of the tricarboxylic acid cycle because the enzyme activity of NAD-dependent malate dehydrogenase was not detected with Acetobacter sp. SKU 14. However, it has not been clariˆed whether the diŠerent manner of FAD binding to the protein depends on the location of the dehydrogenase.
EŠects of pH and temperature on the enzyme activity
The eŠects of pH and temperature on the enzyme activity and stability of the enzyme are shown in Fig. 3 . The optimum pH and temperature of the enzyme activity were found at pH 11.0 and 409 C, respectively. The pH stability of the enzyme was measured by the residual enzyme activity after keeping the puriˆed enzyme solution in buŠers having various pHs overnight at 69 C. The result showed that the enzyme was stable in alkaline pHs over pH 5 as shown in Fig. 3(C) . The thermal stability of the enzyme was examined by measurement of residual enzyme activity after incubating the enzyme for 10 min at various temperatures. The enzyme was stable up to 359 C and the enzyme activity decreased over 359 C. Using the membrane fraction, over 90z of enzyme activity remained after treating at 459 C. These features well re‰ect the properties of membrane-bound enzymes. Most of membrane-bound enzymes are buried in the biological membrane and the hydrophobic interaction keeps the enzyme stable in the membrane. Though most of membrane-bound enzymes show some thermostability in the membrane, they become labile once they are solubilized from the membrane, unless the hydrophobic region of the enzyme is well protected against heat denaturation. The puriˆed enzyme from Acetobacter sp. SKU 14 had very similar characteristics to that from A. acetigenus IFO 3280. 18) Although the former strain is apparently thermotolerant judging from the growth proˆles, thermostability of the enzyme was almost the same as that of the mesophilic strain.
EŠects of ammonium ions on the enzyme activity
One of the characteristics of the enzyme from Acetobacter sp. SKU 14 was the activation of enzyme activity by ammonium ions. The activation by ammonium ions was seen with all stages of the enzyme from the membrane fraction to theˆnally puriˆed one. The activation was seen in higher alkaline pHs. Higher alkaline pH optimum and the requirement of ammonium ion as activator are very similar to what is observed with methanol dehydrogenase. 23) The eŠects of ammonium chloride, ammonium sulfate, ammonium phosphate and ethylamine on enzyme activity were measured as shown in Fig. 4 . Among these compounds, ammonium chloride was the most eŠective when using ferricyanide as an electron acceptor at pH 11.0. The enzyme activity increased about 10-fold at the concentration of 0.1 M of ammonium chloride. Ammonium chloride did not aŠect the a‹nity of substrate to the enzyme, as men- Temperature (D) on Enzyme Stability. Enzyme activity was assayed at the indicated pH and temperature under the standard assay conditions described in Materials and Methods. The pH stability was examined after incubating the enzyme overnight at 69 C in 0.1 M buŠers of various pHs as indicated. For measuring the thermal stability, the enzyme solution was incubated with 10 mM Tris-HCl buŠer, pH 8.0, at various temperatures for 10 min and then the residual enzyme activity was assayed under the standard assay conditions. BuŠers used in (A) and (C) are the same as in Fig. 1 .
Fig. 4. EŠects of Ammonium Ions on Membrane-bound Malate
Dehydrogenase Activity. Enzyme activity was measured by the addition of ammonium chloride (), diammonium hydrogenphosphate (), ammonium sulfate (), and ethylamine hydrochloride () under the standard assay conditions except for ammonium chloride.
304
E. SHINAGAWA et al.
tioned later.
Substrate speciˆcity
The enzyme activity of membrane-bound malate dehydrogenase toward various compounds was examined. The compounds examined were the intermediates in the tricarboxylic acid cycle and various kinds of sugar which were reported to be oxidized by acetic acid bacteria. The former contained L-malate, D-malate, oxaloacetate, citrate, 2-oxo-L-glutarate, and fumarate, and the latter contained D-sorbitol, Dmannitol, D-fructose, D-galactose, D-glucose, L-sorbose, glycerol, pyruvate, DL-lactate, D-gluconate, glyoxylate, acetaldehyde, and ethanol. The acidic compounds were used as sodium salts. The enzyme oxidized only L-malate but not other compounds including D-malate. The substrate speciˆcity of the enzyme was found to be very strict, which is a similar characteristic to other membrane-bound dehydrogenases of acetic acid bacteria reported so far. [18] [19] [20] 24, 25) The apparent Km of L-malate was 10 mM using the ferricyanide assay and was not aŠected by the presence or absence of ammonium chloride. The reaction product from L-malate was detected to be oxaloacetate by paper chromatography.
The strict substrate speciˆcity of this enzyme makes it possible to apply it as an L-malate sensor as previously reported for ethanol measurement by membrane-bound alcohol dehydrogenase. 26) Since Lmalate is an important component for the quality of citrus fruit juices, development of a method for selec-tive measurement for L-malate has been looked for. For L-malate measurement, an enzyme sensor equipped with the NAD-dependent malate dehydrogenase-NADH oxidase system was reported to be recommended for practical analyses of samples. 27) If the use of membrane-bound NAD(P)-independent malate dehydrogenase puriˆed in this study is possible for the purpose instead of NAD-dependent malate dehydrogenase, the measurement of L-malate must become simpler and cheaper. A highly puriˆed NAD-dependent malate dehydrogenase, NAD, and NADH oxidase are no longer necessary in this sensor.
